UNCLASSIFIED

AD NUMBER

AD802734

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; AUG 1966.
Other requests shall be referred to Office
of Naval Research, Arlington, VA 22203.

AUTHORITY

ONR notice dtd 27 Jul 1971

THIS PAGE IS UNCLASSIFIED




- &

OBLIQUE FLOW HEADERS FOR HEAT EXCHANGERS—
HE IDEAL GEOMETRIES AND THE EVALUATION OF.LOSSES

~
o B, |
O A. L. London, G. Klopfer and S. Wolf
Technical Report No. 63
;

-

Prepared under Contract Nonr 225 91)

(NR-090-342)
. for
Office of Naval Research
'Department of Mechanical Engineering
Stanford University Y TN e
Stanford, California —_ ,_.D\ D‘ C
DE C —-"IT
A 1966 11966 U
L' U T Jy L'.'l Lj



Best
Available
Copy




WL d e T S

LA AL in

2
T

s
PR o

- OBLIQUE FLOW HEADERS FOR HEAT EXCHANGERS -
THE IDEAL GEOMETRIES AND THE EVALUATION OF LOSSES

Technical Report No. 63

Prepared under Contract Nonr 225(91)
(NR-090-342)

for
Office of Naval Research

Department of Mechanlical Engineering

Stanford Unlversity
Stanford, California

August, 1966
Report Prepared By: | Approved By:
A. L. London A. L. London ,
G. Klopfer ZProJect Supervisor
S. Wolf



ABSTRACT

The problem of the design of oblique flow headers for
‘heat exchangers flowing low density fluids is considered.

‘ It is demonstrated by test that the theory already available
; in the literature provides an adequate basis for design for
| the single-pass "parallel flow" and "counter flow" configura-
St tions. The theory i1s summarized in the form of design
equations andlillustrated by specific application to the
air:side flow in a gas turbine regenerator.
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o:"AA Flowaarea, $5¢ Lé : ,
i "Flow friction- Pactor in,the excnagger matrix, d;men31onlﬁss
g ProportionaliVy factor 1n Newuonls Seconﬁ‘Law _
= 32.2 {1bs/#) (ft/§é’e S T R
. Gil Flow: mass velocity —‘veloci y X p, lbs/hr fte _
“h Vélcuity head P‘%nm/2g 3 /fta, inc%ea of vater
'KE-*Flow stream k*petic energy rate ft #Vsec
% Flcw length thvough ma*rix, ft N
I Long dimension,o; headeb;. . £, ¢ -
Nio Reynolds No.., dimerisionless s
'\p Matrix porosity, flow vodid space/matrix vol., dimensionless
P Fluid pressure,,#/ftz, inches o? water PA ‘
AP Pressure Grop, #/ft s psiy inéhes of wa*er
ry Hydraulic radius for flow through the matrix, £5

, g’
4t

}5§5»"' t The x-coordinate along the matrix face in Fig, 1-1
f; 2 N u  The fluid welocity -component in the x-direction, ft/sec
MEE v~ The fluid veloclty component in the y-direction, ft/sec

W  The fluid velocity along a stream iine, f£t/sec

X Cartesian coordinate defined in: Figs. 3aand‘kw,ﬁﬁ
X = x/L - ’ 7
y Cartesian coordinate defined in Figs. 3 and 4, £t
Y

z

Z

Yya11/ Yo
Cartesian -coordinate defined in Figs. 3 and 4, ft

Zya11’ Yo

Greek Létters

o Matrix friction area per unit volume, ft?/ft3

& On velocity means deviation from average

A On pressuie means pressure drop

p Fluid dér ‘ty, lbs/ft“

w Alr fiow rate, 1lbs/sec, 1lbs/hr
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DERODTOTI0N

In epsrgy ecnvercion systers Involving g2s fiow heat
exechzngers the keader comfiguraiions hzve 2 Gefinitive
infizence on sSystem envelop2 geoneiry. The régenerative
eycle gas turdine engine is amn extrese exzrcpie of such a2
systen. Tke highly compact surfacés efpioyed tend to resuit
in cores &f lzrgs fremtal arez and short fiow length. The
sketeh, Fig. 1, 1ilusireies 2 foided core corcept used fo
reduce the header voluze. Eowever, i the pressure Grop
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across the core 1s pot uniforz the flow distribuiion over
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v
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the Cransfer surface$ will not be unifera and a sericus

- g 315-.
reduetion in xeat éxchanger perforcznce B2y be the penz2lity. E 7> 3
¥roz= vhis viewpoint, the design objective for the header F 5

is 7o provide for acéeptably uniforn £iow with acceptable
Sysiem geoxetry and flow Strean cechanical epergy losazes.

In effect, uniformity of flow distribution is the dominating
function of the headers,

The present report is a2 continuztion of -earlier work in
this area deseribed in Ref. (I). Three types OFf header con-
figurations as shown in Pig. 2 are considered: a single-pass
parailel flow, a single-pass counter fiow and z two-pass “
paraijel flow configuration. The spe¢ific purposes of this
presentatior are to:

(1) Summarize the analytical results, including a
detailed analysis of losses, for the two single-
pags configurations.

(2) Present test results for aill three configurations,
poth for the "theory shaped" headers and for
other shapes not conforming to the tneory.

(3) To 1liustrate the application of the results
by the design of a practical heat excharger header,

The theoretical methodology is largely based on the work
of Perlmutter and Heyda (2) and (3). The mathematical model
for the exit header anélysis differs for these two authars
and the Heyda model is sélected for the present treatment as
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_ 3% 35 well substantiatéd experimentally: The analysis of
header losses Anto :Ln_eu and exit écf—aponents’ and the aliowance
f’or éif’eren% 3 uensi.ﬁes for thoe Inlec and e:rﬂ; ‘headers
reprassnt a B r-ple, rex con.,rinution oO nhe tﬁeory. it is
_welieved dhe hese ey"ens*orzs and the summaf'y of results into
c..ruonien‘b equauions 111 'be of va1u= to tho heat exchanger
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THEORY RESULTS
Thé mathematical .models gnaiyzed=fo:{thé,parelle}.fiow
and. counter: flow configuratione are, desciibed. in Figs. 3 and
%, vespectively. The 2pplicable idealizatiors follow:

1, Inlet and ex*t heade® densities are sepa:ately
constant.

2y Inlet header velocity, w Xy s is uniform at x—O .

3. The inlet header velogity is: a fuhction of p 4 only.

4, The inlet header'pressure is a function of x only.

5, 'The it header pressure.is a function of x only,
nut the velocity ‘has a two-dimensional variation.

6. ‘The inlet and exit header flows are loss free

(inviséid). c 0
The conaitions lmposed ofi” the system are-
1. The exit header has a.box shape.
¥(X) =1 or 3wa11/y" =1

2. The mass flow distribution through the matrix is
uniform, i.e., v = constant flowing into the
exit header. .

3. Zn order to prcvide for (2),1t~18’necessary to.
' shapée the 1n1et4heeder*so that the inlet pressure
profile ;2&'7/'matches the exit pressure profile

///ijgidwgﬁe AP matrix constant with x (see Figs."3

‘The important resglts of the~ana1ysis are:

1. P(x) _for the ex#t header,

2. u (y) for the exit header.

3. Required shape of the inlet header Z(x)
b, u(x) foér the inlet header. J

The détails of the dérivations are presented in APPENDIX I.
It is.evident from the foregoing that the treatment 1is
one-Gimensipnalized with respect to pressure in both headers
and also velocity in the inlet headel, but the outlet header
velocity w(x,y) is two-dimensional. As will be shown, the
one-dimensiénal idealization for pressure is Justified by
experiment. The justification for selecting a box shape of’
the exlt header is that it yields a minimum pressure drop,

L P g it S e T o g Ay S s
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Evexz though. ..he ﬁew A eas:.; of the headers
accordi.g to idea.mzaoicn {6\ there 1 .é a kszder
able to fh& :Lm.eu ang: ex:i.‘c heaucr < and :ar.r'* "VS:F:.:.
loss has thu sm.rce
the floa ‘leav

‘a) the ;;ir»et:»_? e:zez‘g dissipasion as
he in_eu neador at 3 *’a"’ly nigza ve_.oc_.‘:-,' &ngd

1@ turnnu anc’: decelerated By "he zatrix and {b) the Ifnetic
energy nxce"'“ In the exit ncader assoeﬂ ved <ith th2 non-
unifora Yeloe Skng profiie u (¥i stown in Fig. 3. Fiie header.
1088 is qe*’i;}fd\as the loss in n.,.e t,o&al pres sure that is not
f'hargeable«to tae maur_uc; m;m ’- i "
< s o2 P
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As the average veiocity %erm in the exit i¢tal wressurs ?0 "
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15 based on a bulk 'av‘é”'a'gé ug,
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_The mr'0=~r:}.mem:al et,r:}.dencf= . Supporting these idealizations
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s @ny non-uniforaity in u,

Tho important. analy*‘ica; results for »ne singie<pass .
parallel flow header configuratioﬂ follcw-

Ex;!.t,header, box configuration ¥(¥) =

P A0 LR S
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- pressive. Lt Srhatrix | wX .
_iEI_'essu;'e,,_ B h_o,_ e = = + ,flf’i {2)
o s . ' o - -
- Uy 7r T L) J
Velocityy ——— = = {3a
. "o,?ve A Yo
) (u3 ) -2 ‘ . =
ave_ LT 1.65 (30)
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Inlet header- .
P, - P(X) 2 Ptz
Pressure, A—}-—ﬁ-—-——— =L x2 (L -i) )
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The ratheiatical model
figuraticn is described
fioy configuration, thé
t0 deceierate the £iow.

in Pig. 4.
inlet header fuﬁ;{tgions_ as a diffuser
The outlet header behaves exactly
iixe that for the pargllel flow conf gura“ion w:!.th 4 flow:
accelération an? a drob in bressure ir. the flow d nect‘ion.

The Important aralytical results. for the single-pass
coum er i‘lmz confj.guration follows:

;,xi‘c heaaer, box confj_” vation Y(J{) - e
P

AP

5 g B matrix .
Pressure, = e e -

) ‘ L
Fh-e-0f @

a. ) . -

Veloelty, w=2—zfain(f Ly (82)
0,ave Y0

(8p)

Inlet header

for the eounte? £1ow 'header -con-
in contrast to the parallel

p Z .\ ~2\v, J .
Pressure, = = -—i -;—L- 'I'T"l - (1 - X)‘f2 (9)
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s Geometry, 7= o Ve = [0:636; P {10)
AR SRR . R o A NS N . ;
.7~a jtygs - R, l >'> i . i ot

?}“5,; § ., G ‘Aboxeheader is required)

Velocity’ h_‘_l (1 2, x) " - (11a)
N o co i ‘D VO g
2o, 'oi,. ¢ R 3-{:;9' 2 . ) ; " (11b)

“". - Mote thdt from Eq.-(10) and continyity
e Ung e | :
. ol u;“(_:Ji =55 = 0.405 » (11e).
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- In contrast to, the parallel flow configuration, where fthe
inlet header dimension Zy can be elther larger or snaller
than‘the outlet dimensionﬂ Yo for counter flow 24 must

» : %e 0, 636 V(po/pi)hy in order to assure the matehing
ﬁy05~pressure profile needed for uniform fiow distribution and for

a minimum header 1oss. mhis point is establisned in the

derivation of Eq. (1 22) 1in APPENDIX .

P In the following consideration the over—all loss of flow

.- :stream.mechanical energy, Eq. (1), will be analyzed in terms

‘of[;ts;tWO componentsi(a) the kinétic énergy dissipdtion as
the flow leavés the inlet header and (b) the kinetic energy

"excess™ associated with ﬁhe_non-unifOrﬁ #elgcity profile

u(y) , shown ‘ih Fig. 3, which 1% chargeable to the exit

; Fop ~the parallel fiow configuration from Eqs. (2) and

(6¢)» Ea, (17\@00{
. . \»
L

Ay .

Al 46&( )2 + 1

Gk

by 7 ARYY ] -
, h
= 1LH67 =+ 1 (12)
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For {the counter f‘lcw copfiguration, fﬂcm ?qs. (7) ané (llc),
. (1) eecomes - . o

AB h - :
g s ll- = - :
— =1 === —2- 0.5%5 - 4Q3).

740 ihteresting design concliut “~ns are immediately eviden%,
namely: (a) the optimum ccunter fiow configuration has the much
smalier loss and (b) unlike the -parailel flow situation the

countér flow 1oss does not depend on inlet £o outlet flow

, : 3 -
Stream density ratio. A typical parallel flow design would ;iﬂ:%f
be with - L - 11
z,12 P - R
i G S
=} === or =h L
. (Fo,)‘ P1 h0~ i : i

o

B
13‘2“‘

So that APt/hi = 2,467 ; 4.15 times the éompara%}e counter
flow Yoss.

The kinetic energy associated with the non-uniform
velocity profile u (y) &t the outlet header exit is the
same for both the paralilel and counter flow configurations.

"

\
v L T L O
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o TN
BN . o N

(A s o

o

¥, 2 :
ICEo"~= - 1 - ! o(p 3! :) u§—01 dy = 1 ( )ave '.
®  IoPol%,ave 0 9O B¢ (go,ave) 22, Y
The "excess" kinetic energy head above the nominal magnitude " :g_
evaluated using a bulk average velocity is - ¥
Exit Loss éApo\Excess KEo/(D _ (u )ave 1
S A
° > ° (uo?ave) .
= g; - 1= 0,645 - [1%)
where the numerical result comes from Eq. (3b). !
For the inlet header, the loss is postulated tx be ai:
the kinetic energy leaving the header and entering the mgtnix

where it is dissipated, with no pressure rise and appears as
an increase of enthalpy of the flow.
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SRR i e , 2 ;
. . —dnlef e fLApi v Y ax
> D p. L ¥ a S - %
) Py = ‘:,!'50_ i .mdg

“But v, = cohstant yith xz and 50

' ioss begomes L - -, oy
R ; Iniet Ioss ‘Pi)ivé 79605
- -t .2r. = i “158.
; i }li _- -

By Ra. (615), for

uha inles ﬁoade" of the p_;a11el flow con-~

figuration e . _
- gotes o 2 . B
Iile ‘-“’"? =1+ o. 822{—)( ) =1+ 0.822 h—°- "~ (15b)
41 ) ) - - -‘ - -
.Sy Eg. (11b), f’or the inleu header of the counter flow con-
figuration - . .
1 88 ° J :
zn_.l_ﬁf.o_ ~0.333 (15¢)

>

From Eqé; (14)-éad:(15b)‘for thE.parallél flow -configuration

> h Hy - h
— = °) + 1 + 0.829-2) = 1.467(-2] +"
=0 615 Ryl +1+0.822 *hif) = 1467 Rl 1
| P ;'1—2 2 |
= 1.’%.67(—1 l'v_i') +1
-, . po ) Uo

which is 4n: agréement with Eq. (£2).

Similarly, from Eqs, (1%) and (15c) for the counter flow
configuration and using Eq. {(11¢)

AP SEE
} t B, : I
S = 0.6,45 — + 0,333 . '
. hi : by o ‘
o = 0.645 x 0405 + 0.333 = 0.595

which is in agreement with Eq. (13).

In summary, the postulated "loss free" flow theory for
the heéaders provides expressions for the losses to beycharged
to the headers in the header-matrix complex. Egs. (12) and
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{(13) provide thé total header losses; and Eqs. (1Y), (15b),
and (15¢) provide the exit ahd inlet header contributions to
the total losses. »

A téchnically interesting spécial casé of the parailel
flow sclutions 18 considered in APPENDIX II. This configura-
tion is described as the ob1ique T16W. 1nlet, free dischange
configuration, Fig. I-3. This heaoer configuration is quite
commonly encountered in 3ir conditioning heat exchanger
installations and may also: be of interest in a gas turbine
, regenerator diséhar ging straight into an exhaust stack. The
;‘i%" discharge pressure is uniform for this situation so the inlet
header must be shaped to yield a uniform préssuré: This
pressure match condition requires a triangular shape, with<
uniform velocity u = Uy s '

& Z s
s v wall _
R — =

. (1 - X) | 416) - >f;9
. i - XN

: The exit: header loss is nil so that the AP /h is cémpietqu
 § ‘due to the inlet header and according to Eq. (l) and Eq. (I-26)
| of APPENDIX I becomes 4

— =7 R (17)
In contrast to Egqs. (12) and (13); it is séen that the -header
loss for the oblique flow inlet, free discharge configuration
15 intermediate to the parallel flow and éounté® ‘flow con-
figuration.
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T e EXPERIMENTAL RESULTS,

o - -

, After a brief des zription of the test svstem, data will
oe presen?ed supportin& the idealizations made in “the analysis.
A floy non-uniformity ebiterion will be developed and the
actua1~ﬁeader,performance will be presented both inh terms of
pressure profiles, header total head losses and flow non-

. uniformity Theory Shaped headers will be considered and also
designs that differ from the theorv.. The performance of ‘a
two-pass parallel fiow. configuration will also be presented to
indicate the type of extrapolation one may make of" the single»
pass theory.r

z8

Test System U
f The flow system for the single-pass parallel flow con<
figuration is described schematically in Fig. 5. Fig. 6'is
a~photograph of the general test arrangement for paﬂaliel flow
and Fig 7 is a photograph of the counter flow configuration.

y The matrix arrangement consisting ‘of two HEXCEL stiffenens
and seven pads of five screens each is: shown in Fig. 8. The

stiffeners proved to be very effective in eliminating header
shape distortions due to the screens bulging and sagging.

Eight header séfs were tested. Four- of these are single-
pass parallel flow configurations, three .are counter flow. and

_-one isya two-pass parallél ﬁlow configuration. ‘The three

configurations were previously described in Fig. 2. Table 1
provides the important dimensions for the headers; and Tablés
2 and 3 provide theé matrix information.

Additional information relating to tﬁe test system 1s in
APPENDIX II. ’

' Experimental Verification of Idealizations
) For‘the box exit'hesder; aiverification of the idealiza-
tions (page 3) leading to the analytical results, Egs. (2,32,
3b) and (7,8a,8b), is provided by a comparison of the measured
exit veldcity profile with the theory prediction, Eq. (3a).
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This is done in Fig. 9 and the agreement is excellent. .
' The validity of the idealization of pressure as a function :
x only in both thé inlet and exit héaders is provided vy

a. comparison of ‘the narrow side-wall pressure tap readings -

with those of the bottom ard top walls. The side wall taps

are located &t a plane,abogt;bne—fourth:qf ¥, from the

matrix stiffener face for both the inlet :and outled hbaders.

-
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These comparisons .are presented in the -experimental pressu e LA ic
profile Figs. 10 by the different types .of data,points. The
cloge agreement of the two sets of ‘pressure reaaings-st?opg;yf
. - o B - T 7
supports the uni-diimensiongl. idealization for the pressure.. S
o7 ‘ L3
Flow Uniformity Lriterion ;;”

Before presenting thP header performance, it is necesSary i
to specify a criterion that is descriptive of flow non-uniformity 4
through the matrix. It is necessary that this criterion be

readily. evalueted from test results an@ ‘be usable by ‘the ’;f
-designer to estimate the hédt transfer performance penalty -due ;@
to the non-urifermity. Fig. 10 presents a typ;ca1~seiiof ?f*é

pressure: data, After the 'pfessure profiles are'plotteﬁ, the
APmatrix/h is read from the gyaph at 11 equally spaced

s

£

1 ) th 0ZXZ1 . The VAP ,../h :
abscissa values over the range Tx31 ., e matrix/ "

is then calculated and - vm/v ;ave is formed as:

o < - ) . ) .
Vi - \LA matrix/h - o e
Vi, ave ‘VAPmatri,/h ) - ’

I e

Ao

ly
e s o

ave - SET ]

The 11 ordinate trapezoid rule is used to form the

b S o1 \ PO
TR \[APmatrix/hi]ave . The departure of vm/vm,ave from unity

¥
jﬁ% is the velocity deviation from the average

& 6

g V ) Vm A - 3
= = I

Y, ave Ivm,avé ,

>

The gverage devlatlion of the veloclty deviation 1s taken~as

1
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TN the criterion of non-unifermity. : - R s 13K
A L Erew resmicmemide B ) .
R - . Flow nop-uniformity = .

_Fh~ trapezoid ruie ﬁé*aga;n ised to form this average.
_ To est.mate the neﬁaluy'in heat traPS'e” performance £
f_assoc_ated ﬂ*th.a suaeifieO’;on-unifo”mi € is vécommerded )

!
ihat the flow d'isi:ribu:ﬁonr.u= treated as 5uffer.ng a. step ¥

°hange (1) equal to ihe nonzumiformity m?gn_tuﬁe. ) %
o ‘ Clearly'the floa ncn—unifbvmity factdr is = characteristic 3
Cef The. header and heat exchangev wntwix,sysbem and not of the ‘i—
}

headers alope. If the patrix pressure drop is lavge relative
_fo the pressure chanzes in the headers; the influence .of the

headers on flow distribution will be minor. 1In the case of i
the u°st sySuem, the Dvessure change in the maun_x is approxi- -
m.tely - 2 hy {see Table 3). This is of the same order of

qggnitgae as the -pressure chapges in the headers and, as a s
cbnseaﬁéﬁbe, beader'perférmaﬁée has an impprtgnt_influenée on f

the ‘flow non-uniformity factor. It is believed that this
situation is typical of gas turbine plane regenerafors and
intercoolers and magy other gas flow heat exéhanger systems.

' Héader.?erfovmance
The eight header configurations tested are listed in the
first column 0f Tabl. 4. The mein fest conditions and the
béadar performarce, as cbaracter*zed by the loss APt,{hi and

the flow non-uniformity (6vm/vm’ave) are also tabulated.

i o MR

Representative graphs, Figs. 10-17, a?iefor a nominal mass

flow rate of 3000 1bs/hr, provide the pressure profiles and

the associate matrix flow distribution. For all thesé tests,

, pi/po gaﬁ be treated as unity for comparison with the theory

! “predictions.

| The four single-pass parallel flow configuration tests
will be consideréd fifst. The approach of Qhe actual inlet
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for runs 50, 51, and 52, the so-caliled
to the geo=e2

" header shape Stheory”
inlet shaps, try speeified by 2a. (5) for
2, /3, = 1 a2nd p,/p, =1
on the order of 3 pereent (of
cf
magnitude, avereging? about 3.6 percexgt.

The reduced flow area In The regions of X = 0.7 was
consigere@ to be the cain contributing factor (see Fig. -id)
sc for runs 22, 23, and 2 a ¢.02-Inch thick frace was used
io

2z, } =2y be noted.
agreerent undoubtedly copu:-:'iwu.es o

This lack
the pon-uniformity

t0 produce the modified theory geozsiry reporteé in Fig.
The resulfing nop-uniforcity was reduced to 2 percens.
evident however from Rig. 11 that for X > 0.9
1s tco grea® sc that E(X)‘ha.e" does not drod enongs io
pateh the P(X) outlet Profile in this region. believed
on the basis of this evidencé that a éloser approach ¢ the
theory geometivy of Ea. (5) would indeed provide for better '
flow uniformity. However, for post erc‘zangen applicatios a

it is
the flow area
‘l":’

il

It is

non-uniformity factor of 5 percent would prébabdiy be accepizble;

and £his can be achieved
percent of zy

if :dimensions are paintained o + 2
and care is taken not to block .off the s:all
fiow area region for X > C.7 .

The outlet header pressure profile fbr the theory and
modified theory "nlets,'F_gs 10 and 11, wvery closely match
the theorygprediction of Ea. (2); ou‘let/h is very close
to the (7/4) = 2.47 from Eq. (2). The header loss ﬁ?t/hi
an}'e:c'ages'r out £o be 2.30 which is 7 percent velow the theory
prediction of Eq. {12). This difference may be a boundary
layer effect as there is evidently a trend upwards for Art/h1
with increasing flow rate. A flow rate of w = 2060 1lbs/hr,
run No. 50, corresponds to an inlet Reynolds No. (based on
the hydraulic diameter of Ay ) of approximately 90,000.

-

VTIn the following discussion where three test runs in a set
are belng evaluated arithmetlc average values will be used.

13

> is reported in Fig. 18. Deparcures
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The 'a.‘u:nc .;.adev srzane is ﬁescrine& in Fig. 19;

" Funs 33, azzﬁ 33, in Table ¥, show thet the nen—un._o*‘:a_‘y
averages: 10 -\P""csnb, ouas-.anuia‘ly poo”ev than the perforzznce
of t:ze theory - §hizps of 2 %o % percent. FRig: 12 .sl_zpwg the
m:essuz" orofiles and thz velocity Gis Jri'nut‘-bna CTéar??-
£ross €spar v.zzes froz the theor'y_ sn,auas resulf in serious
flice mp-m..om_»‘es and to accentuzie this point with a

- sox neader, run _0 ang Pig. _3, aai psrcenp pon-uniforsity
results. lXote, hoxever, that cozpsnsating sozewhz$t for the

‘zzbn—un.;féréitv of £iow 41 stribution through ‘a‘he 2Erix the
beaéer loss,. A?Jni » s reduced subsiantially froz the theory
value of 2.%7. This point 1iiystrates ithe fallacy of using
heager loss .as a eri tericn of design excellence Thne lower

?. \H!\\" it
)
’

ITREEYE

)

. )
'

At .-;; m"“?‘“ﬁs Vi
I} N

Q n'" \

Ay

1oss is oma:!szoa oaly at the eme'zse of th2 £2in function of
the nead..ra n..m:ﬂv, 3] amvice f’o*- c iose fo un_.o'-zz Flow
:.hrou,;a the beaf exc.,angevs.

The Three =..x= e-aa<s counta i’ oW configurations listed

$n wavle ¥ will now e gonsi dered. The situation with

z‘,'_/zi'c = 51/ a, = 0.636 represefits the theory shzpe when

/Py =1 5 Ea: (30). =&s can be seen from the entries for

runs Nos. 53, A, and 55 the ficw mn-ur-*’ orzity facétor

averzges a% ¥ percent which _s consiGered to be quiie accgptébl_e s
and the header head loss is APJh ="0.62 in comparison to

the theory prediction of 0.60, Ea. (13) rig, 1% éhoas the

floy distribution and prassure prefiles typical for this

header. The pressure drop in the outlet header

APoutlet/,hi =1.03 . Prom the theory Ea. (7)

Afoutiet _ Aoutaet 1_19_ N zr:. 1. 100
B, B b T\ENZE T
i (o] i 7

Thus the a2greement 1s quite excellent.

The second set of data, runs U5, 46, and U7, sérves to
demonstrate the influence of departing from the theory speci-
fications. The inlet header area is "oversized" by the ratio
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(0,7 3/0. q36) = 12 percent. ' As can be seen £rom Tzble &
- entries, the flow nov—un*?orﬂity is inereased from 2 to 6
‘percent. The -outlet heazder drop (AP ‘1et/h ) %s increased
from 1.02 fo 21.25; bui when no:malized relative to B, -
becames (8P, .;./0,) = (1/9. 71,.) % 3:25 = 2,85 whick
closely appioz.@aoes the -2 4 = 2,87 /of the out1et header
fiow theory,sEq, (7}m The header loss (A?t/h1) = C.82 when
ic 1§,nor@alized“relativ e to hy s but as b is decreased
vy {0.713/9.636)% - = 26 pe ercent, AP, is “only inéreased
Dy 5 pereent. ) - -
The third set of data, runs 38, 39, and 40, illustrates

the effect of a substantial oversizing by (0. 97/0 636) -1=

53 pepcent. Now the average flow non-unif orm_‘y factor 1is

significantiy greater at 11.5 percent. The outlet header drop
(ap outl et/My) = (B2 i iq /1) (n;/0)) = {2.46)(2.063) = 2.62
andé tp?s is wiqn.n 6 gercen: of h° oheory’pveoic tion of
i?/& = 2.4%7 . Clearly the theory boundary éordition of
v: = ¢onstant is not approximited, but nevertheless the
égreement is gooé. As a mattér of interest the parailel flow
ituation with the £risngular inlet header, runs 31, 32, and
33. show aboui the samé noa-uniformity factor (10.2 percent
average) and AP ut1e‘/h = 2,47 is also the same. A com-
parison of Figs. 12 and 16 reveals a strong similarity in the
character of the non-uniform Vi édistribution. The.header
ioss for tbo‘eversized inlet, counter f£low configuration,
’ABt/h ) = 1.27 , but bécausé of the lower h, , in the ratio
(6.636/0. 97) > the AP,
theory shape by 14 percent. So again at the expense of the
primary function of the faeader, namely uniformity of flow

is actually lower than for the

distribution, a lower loss may be realized. -

The last header configuration listed in Table 4, run 49,
is the two-pass parallel flow configuration with single-pass
theory shaped inlets and box headers for each pass, Fig. 17
provides the pressure profiles and the flow Gistribution.
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- In compardssn To the corparzble siigle-pass confizusziion,

un 51, the £ £ipst-pass beha?‘.or rer2ins essentially unchanged
but the saconﬁ-p..se 'revea‘s‘ a 20 psreentc Wc%cér loss with &

one po*rz* increase in the EOI!-L:.._fO"ﬂ._bF i‘m: 2.2 0 5.2
percent. Before the tesus, it was anziciaar.eé that the h_gn"v
- sXexed veloci‘i:y oro’ila u (37) 2 see Fig. 9, eatering v.iw
 second pass sould tend. to (a) inérea83 the non-unifornity
gigni‘;icanu}.y ang (n) inerease the h2pd loss for the second-
pass. The contrary resulted. The sc2ll increase noted for

e mn—unifom_.ty £2y nov be si gn:!:‘.‘* cani. The substantizl
reduction of paad loss can be r’a.uicnalized by the fzct that
of -.‘1° AP,_/n = 2/’E AT Df*ed*ez.ec by the theory for thse
H”SU pass, O. 6133 {25 nercnnu) is assigned to fhe exit heaéder,
Ea. (14), and this is really a "pookiceeping? icss of kinetie
-energy associaged with the convention of 'usin,g the bulk average
veloelty to caleulate flow stream kinetic snergy. CB.e‘ézzlj'
rost of this excess kinetic epergy is not 105t in the iplet
header to the §econd pass. Tne heat exéhanger designer wili
welcome this fortunate circumstance. It also suggests that
for single-pass configurations substantizal non-uniformity in
the inlet header velgcisy profile c¢an be tolerated anéd mzay
even prove desiratie!

Good experimental verification -of the theory for the

‘ob" iaque fiow inlet, free discharge vonfj.jura,ion, Eas. (16)
and (17) is reported by Loeffler and Perlmutter {4) and these
" same resulits aie réported in (2). .




{62) ,
eéounter flow configuration can e uséé as a basis for design.
“he test reculis of the theory shaped headers support both
the aﬂaly§i§ and the resuiting design
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the ideaiizations of

equations. A£iso the

anzlysis of flow

losses chargeable 4ndividuaily to the

stream mechanieal energy
inlet and €xit headers,

Bés. {12) to (35¢) ars supporied by

the test results. More-

the "off theory" header %tests
zagnitude of the penzliy foc be paid
of f£low over the heat exchanger surfaces.

The purposes of this section are to illustrate the header
sizing procedure by 4 specific example and to Giscuss other
design considerations. ) _ ’

in Ref. (5) an example is presented for the design of a
cross-flow Pegenérator core £or a 5000 hp: gas turbine plant.
The following relevan% information is extracted from this
exapple for the purpose of designing the headers for the com- }
which is ‘heated on passing through the

over, illustrate the type and

in terms of non-uniformity

pressocr alr flow
regenerator.

Regenérator effectiveness e = 75%

Air-side core pressure drop AP/P; = 0.42%

Aip flow densities p; = 0.438 1bs/£t3
p, = 0.300 1bs/ft>

pi/po = 1 ° )46 - - % ? 2> >
Matrix frontal area A =39x7.5' = 22,5 £t° - 21
Air flow rate 0=193,000 1bs/hr=53.7 1bs/sec i'qo\
Inlet alr pressure Pi = 132 psia Lo
For the single-pass parallel flow header design, it will be
specified that the inlet header initial velocity
uy = 100 ft/sec and that the exit header will be sized so as
to maffe h, =h,; . Under these conditions
17
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= o.k72 #/in e

RS v £ i‘ :. . : .
A, == 3“*;;; ézl,§8‘ftal _ g
a2 po 0save -

Ai/A = 03 828

For the single-pass counter ?low header design, it is only
necessary to. spec1fy u1 3. taken as before as 100 ft/sec.

‘ One cnnnot impose - an a"bitrary relationship between h and
kJ,hi_ as this condition is fixed by the theory Eq, (llc) In
" applying the theory the ratio -2, /¥, will be taken as .
equivalent to Aj/A .. The implication is that the x-section

of the headers need not be rectangular as specified in Figs. -
3 and.&,(representing the ‘mathematical modéls. It is belileved )
that this is a valid approximatioh: Tor smoothly contoured
header walls..

Parallel F&ow Header
From Eq. (6c) with hy =hy

2 .
iopp:i:,:-,_Aifzz‘ Ai. ) _ :,»1' - ..
"%*r» = 1 and"-E(:: m= 0.828

This checks the préviously derived result.
intrgdpéing Eq. {6¢) into Eq. (5) yields

Z = i (1 - %) S
pi 'zr? X2 + _1:1__ -
'po. ‘ r ho ¥

!
ft

With hi/ho

the following tabulation for the header
shape results )
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The header loss may pe evaloated from Ea. (12)

__‘: = l."%? .—-— 4+ 1 = 2.2}7
By ni .

) 2. £7- . 1 ird ) N o i ) . ’
: T z;:7 :1:221,!_2 = 0.883% : ’

Prom Eq. (14} the exit meader ioss is 0.6%5 By = 0.645 I
26 percent of the fotal. From Eq. (15) the inlet header

loss is 1.822 h, or T4 percent of the fotal. -

Countzr Floy Header ' -
From Eq. {1lc) |

¥ R=
NI

o'.

= Q-L;Oﬁ -
1i N

With u, specified as 100 ft/sec, h, = 68 4/£42 so

h, = 27.5 #/5t° .

i u h ' fp ,
o /o~ /Y1 _ vV =1 ! ;e
2 2\ \/--.— = Vo.405! V1.46 = 0,770
Uy ﬁ-{ Po
u, = 77 f£t/sec
2
Polo ‘0.30 - x e 2.
§§?- = hO = -%q:-.—qzz—- = 27.6 #/ft (<Ch3'0ki) i
From Eq. /(10)
_ : A, P
Z = conetant = p— = & = 0.636 /-2 = 0.526
} (o] o) Py
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0.405 h,.= 0. 251 h

bS_percent of the total.

in the foll oglng tabtulation.

p. 256) by more than two-fold.

‘i'2255r+2 (with

20

iﬁr:fﬁ£'?' ui_=~loo'f§/se9)
o ag=eBd
“Froa Eq. (23)
AP,
- Brg
;i 22 0 59) .
‘--bi,‘ ]
AP.
ok AN ¢ I 595 x 0. L72
?i’ = 3] 132 = 0 213%

From Eq. (1%) the exit headér 1oss is 0.645 b = 0. 645 x
or 44'percent of the total.
-From 1?c:. (15¢) the “inlet header loss is 0.333 h, or

‘The paralleI flow and counter flow designs are compared

Parallel Counter
Flow Flow
Inlet veloéity vy, ft/sec 100 100
Exit veloedty — uy ... Ft/sec T2k 77 )
Inlet area Ay £t2 1,225 1.225
Exi’ area i, 57 1.48 2.33
Y See tabula- ‘Constant
vlgget,header area Ai{x) tion, p. 19 at A,
Exit header area A(x) - -gznszant g%nszant
‘ 0 %o
Header losses APU/hi .47 0.595
APt/Pi, % 0.883 0.213
Fraction for inlet header, % T4 56
Fraction for outlet header, % 26 Ly

~As a point of intefest it is noted that for the parallel flow
design the header loss of 0.88 percent exceeds the calculated
heat exchanger surface pressure drop of 0.42 percent (Ref. (5),

It 18 also clear that the

~ counter flow design though somewhat more bulky (see the A

(¢]
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comparison) is very much t0 be preferred if the machirnery

arrangement will allow this cohfigﬁtaf;on;

Because the core pressure drop is small géléﬁiveeto the
pressure changs in the headers, in the ratio of 0.42/0;88 =
0.48, the header performance can péréxpeéted to have a greater
influence on the non-uniformity factor than for the tests,
for example, whére the ratio was on the order of 0.8. Con-=
.séqpeﬁtly the de81ggs/summarized gbovg can be expected to
have iarger'flOW'noﬁ-@niformities 0f the .order of 5 percent
inh comparisén to the test. results of 2 to 4 percent.

}Morepver,,fqr'the_paqéllel flow design the inlet header
dimensions must adhere fairly clésely to the theory, say + 2
zperceht of A, , as in Figures 18 and 19. For the exit header
no Such precision is required. Both box headers for the
counter flow configuration are les$ sensitive 10 éff-SpeCifica—
tion dimensiond in terms of the non-=uniformity factbr;

Both designs can probably toZerate fairly non-uniform
inlet vélocity éondiﬁiQnS‘without too much of" a penalty in
£164 non-uriiformity.

As a point of interest the inlet header for the theory
counter flow system 1s functioning.as & very high area ratio
diffuser with only a 33.3 percent loss (67 percent effic@eﬁcg)y
Eq. (15¢).

It appears that the single-pass counter {low header
th2ory tould be used to design a sharp return bend for a
relatively small loss of about 0,60 hi by using a low
resistance matrix such as HEXCEL (one or two inches flow
length) to function as turning vanes.

The. test performance of the two-pass parallel flow con-
figuration indicates that the single-pass theory provides
quite a good basls for design as indlicated by the test flow
non-uniformity factors of only about 5 percent. This 1is a
result of the lack of sensitivity of header performance
(second pass inlet) to a skewed inlet velocity profile.

21




,?,:» o : SUMHARY AND‘CONCLUSIGHS

';eel!: eﬂprevious text deais Wiuh uhe design of single-pass

e

"‘header sysvems o? tbe gawallel flou and counter flow types.
BOth the theory and test results are presented Based on
_this iﬁformation the following conclusions result.

«;a 1. An adeqnate design basis for single-pass paralle1

' flow =nd counter*”low header conligurations now
ex*sts,,that—is, optimum geometries can be .speci-
7 fied, expected 1osses estimated and reasonably

< gooo flow distribution uniformity over the heaf

/ ) exchanger surfaces can ‘bé -anticipated..

2. Parallel flow headers will have losses of the
order of four, times that of counter flow configura-
tions. - . ’ '

. The header pérfcrmance is be;ieved to be relatively

~_ insensitive o inlét velocity distribution. This
tentétite conc%usion needs_furthér experimental

QY

verif ication. . .

4, Close adherence to the theoretical shape 1s necessary
for the parallel flow design but no such close
“tolerances are réquired for the counter 16w con-
figuration.. -

—Sp _A two-pass parallel flow header can be designe
using single-pass theory largely because .¢f item (3).

6. The influence of flow non-uniformity on heat exchanger
performance deterloration can be calculated in spegific
instances: using an -extension of the heat exchanger
design théory presented in (5). Generally the penalty
is greater for high design effectiveness, for

n/Cmax approaching unity and for situations where
"high" for one fluid stream 1s opposite a "low" for
the other fluid stream.

7. Using the design basis presented in this report,

22
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average deviations from flow uniferm*ty can be
expected to be better than + 5 percent.

8. The oblique flow inlet, free discharge configurdtlon
descr*bed in APPENDIXNI,’Fig. I-3 may be of §pecia1
interest. to -air condltioning as well as gas turbine
heat éxchanger desighers, Header l0sses dre inter-

| mediate to the countér flow -and para¢1e1 flow con=

|  figurations.
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T mmma
. " .. {EADER GEOMETRIES
I IO : - 1z, or . or A A By 24
JN S - . i "0 i 2JO A (oo A A'—':-= —
E “inenes f £t | 197 %6 % Yo
=nmmms
Wheory shape .ol L L
(rag.” 18) 2.06
Yodified théory shape |
{ .020" frame) - .
Fig. 19) : . 2.08
Triangular T : '
(Fig. 19) : 2.06
~ Box (0.636 ratiq) 1 1.35
Box (0.713 ratio) |
Box (0.97 ratio) . 2.06
EXIT HEADERS /
Box for’ pavallel flou,
counter flow and second )
1 pass of 2-pass parallel]
1 flow 2.12
Box for first pass of
2-pass paral1e1 fiow 2,10
2l
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TABLE 2
MATRTX GEOMETRY

No. of screen layers
Frontal area {17.0" x 10.0"), A £t
Mesp designation per inch
Wire diameter; inches
Estimated porosity, p
area density, o ftg/ft3
hydraulic radius, gh ft
flow length, L £%
(). _L/rh
Flow area to header area ratic, p Am/Ai
Stiffeners (HEXCEL) Flow length, inches
cell size, inches

2

wall, inches

- TARLE 3
PREDICTED CORE PRESSURE DROP

Nominal Flow Rate, o 1bs/hr 2000
(Dyass veloeity, & 1bs/nr ££2 |, 2340

Reynolds No., Np 157
EQ;Friction factor, £ = ¢(Ng,p) 0,61
3 - } ‘ 2 I's

APmatrix/hi = L(ﬂ/rh)(Ai/pAm) 1.82

-l\

(*)Based on p Am as the flow area.
(2)From ref. (5), Fig. T-9, p. 130.
(3)Based on A, = 0.143 £t2 , see Table

0.725

0.0787

35

1.18 .
24 x 24,5
6.0135

980 .
0.740 x 1973

106.5
5.98

2 x1.00
1/8
0.002

1,




TFaradlel:Fiow -
TTreory" fnlet x:ﬁ -
tox exit. R
BylRy =3,

-Farailel Plew

*Toeory? inlet +.020’Ir
spacer and box exst.
ALIA =1

?'—anel' ‘-"low
Triangclar inlet -
and tox exit:.
5;/50 =3

?a.x-allel Flow
"Box inlet-and
box exit, AyfA; =1

Counter Flow:
Box inlet and
box exit,
Ai/fsg = 0.636

Counter . Flow
Box inlet and:
box exit..
AJA, = 0.713

Counter Flow -
Box ‘inlet and

2-pass Parallel Flow
Pirst pass: "Theory"
inlet and box

exit,

Second pass: "Theory®
inlet and box

exit.

(I)First; pass only.
(@)gecona paes only.
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48
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sousE ¢ ms-v:ﬂzss

Sepder Tescxiption Test ¥o. PlowBate Inles Vel e
: ety

__Presecre Drops
’:"m"' Loc:.:’t“tbndc's

] 5720 — 5
- 1957 0.625 LR
3020 31.52° 3.39°
3355° 2.58 - 8,27
2000 ©0.631 = 3.36
. 3915 1.55 %.30
3570 2.53 L H-)
2010 0.632 3.00
3010 1525 3.5
5015 2.55 . 8L
"3000 1.52 3.50
1992- 1.52 1.00
3010 3.28 050
T %005 5.91 Qa.8%
2005 1.162 1.58
3015 296§ 1.:0
3985 .68 1.35
2015 0.635 3.%%

"By

2.5
2353
1.e2

2.5
2.65
1.50
2.239
2.0%
1.85

1.97

G.93 "

- 0.E8
0:81
1.28
1.08
1.02

2.22

i.92

2000 0.618" 5.57€3) 2,26
5.05(2) 2.2

3012 1.52 5.27(2)
3.78(2)

1.83

By
333

2356

2.50
2.35

2.52
2.55
2.3%
2.56

2.52
2.75

0.97
1.03
1.06

1.3
1.23
1.30
2.37
2.%5
2.55

2.3y
2.28

1.98(2) 2.38(2)
1.92(2) 2.36(2) 1.86t2)

C

2.5
2.32
2.33

1.3

0.515
0:615
0.625
0.80
0.82

.0.83

122
1.28.

1.30

2,31
1.78
2,29(1)

Ev

b Lo

3.3
3.3
5.0
1.3
1.8
2.2
8.3

1.0

1.3

2.0

3.0
53
5.5
5.5.
6.2
6.5
9.8
11.6
13.1

*.5

5.1
5.2(1)

5.22)
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Fig.:9

The skewed velocity profile at
the exit of the outlet of thé
“theory shaped box header, Eq. (3a),
“compared with test results.

.Fig. 10

Header performance for the theory
shaped single:pass parallel flow
eonfiguration at ® = 3030 lbs/hr.
Run No. 51, <See Table 4 and Fig.
18 for other details. Note the
one-dimensional behavior of P .
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Fig. i1 -

Header” performance for
the modified theory

‘shaped ‘8ingle-pass
paral;el fiow, configura-
tion.at o =
'Run’ Mo, 23, See Table 4
‘and Fig. 19 for other:
dgtails

v

.;

" Filg. 13 :

Header performance for
‘the box thaped inlet
single-pass parallel
flow configuration at
w = 3000 lbs/hr, Run
No. 10. See Table 4
for other detalls.

3015 ibs/hr.

| % 30

for pther details.

Fig. 12

Header perfcrmanee for-
_the triangu;ar shaped:
inlet single-pass
parallel flow configura=~
tion at o = 3010 1bs/hr,
Riun No, 32. Seé Table 4
and Fig. 19 for other
details.

Fig. 14

Header performanceé for
the theory shaped
Ay/ho = 0.636, single- -
pass counter flow
configuration at
= 3010 1lbs/hr.
No 54,

Run
See Table 4
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Rig. 15

Header perforrance for the aoversized,
A3/B4 = 0.713, single-pass counter

flow cenfiguration at o = 3015 ibs/hr,
Run Ko. U6. " See Table U4 for otker

- details.

Fig. 16

‘Header performance for the very much
oversized, hy/Ay = 0.97 , single-pass
counter flow configuration at

© = 2997 1bs/hr. Run No. 39. See
Table % for other detaiils.

Fig. 17

Header performance for the two-pass
parallel flow configuration with
headers shdped according to single-
pass thecry at o = 3012 1lbs/hr.
Run No. 49. See Table 4} for other
details.
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Fig: 18
% Actual. geometry of inlet héader
- X used in runs 50, 51 and 52 compared
R to. the theory Eg. {5): See Table 1
S .- ) for other details. -
N :%? ‘ o
- . ;‘Cbi ’
Fig. 19
Actual geometry of the inlet
header of Fig. 18 modified with
a 0.020 inch frame as used in
runs 22, 23, and 24, Also the
geometry of the triangular
shaped inlet header as used in
runs 31, 32 and 33.
32
TR T g —




s.o\‘" — — i INLET HEADER PROFILE [ S . : ]
X co- - - ' -

6 , THEORY SHAPE )
Y4
K T
AGTUAL L |
2 o

Xio 4 23 4.5 61 8.9 10 )
Z l:.o 89 76 63 51 .39 29 .2C .12 06 O |

FIGURE 18

L0 ?' INLET HEADER PROFILES

\‘\ ACTUAL YRIANGULAR -
\\4\

MODIFIED ACTUAL Q\A\ SHAPE
2 |—— (0.020" SPAGER) \"\(

FIGURE 19
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APPENDIk I
ANALYSIS OF OBLIQUE FIOW MODELS

The analysis presented here was first developed by Heyda
(3) for the counter flow configurabtion. This method of
analysis was then used by Wolf (1) for the parallel flow
confiéuration. The repetition in this appendix is for the
purpose of summarizing the two solutions and the methodology,
using a uniform nomenclature, for the conveniencé of the
reader, ’

The header modéis analyzed are described in Figs. I-1

and I-2. The outlet header analysis will apply to both con-

figurations and will be given first. Then the inlet header
for the parallel flow configuration will be analyzed followed

by the inlet header for the counter flow configuration.

The outletv shape is -specified as rectangular
¥(X) =

and the pressure profile is derived for a uniform veloclty
leaving the matrix, assuming pressure a function of X only,
but allowing the streamline velocity to be a Function of x
and y . Then the inlet header shape is selected to provide
a P(X) which matihes the exit header profile thereby main-
taining a constant APmatrix and a uniform flowvdistributibn
(vm = constant) through the matrix, see Figs. 3 and 4.

Qutlet Header
When the Navier-3tokes equations are expanded for steady,
constant density, inviscid flow, the y-gradient of the pres-

sure may be expressed

(1-1)

dP Po dv
-3}7 {ua—~+v5—}

But as P 1s specified to be a function of x only, the
y-pressure gradient is zero,and this condition imposed on

33
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Eq. {I-Y) leads to

Y = Qonshaﬁt'(évm) B (1-2)

B ¢

oy X

Thg;ﬁaﬁ;ef;Stgkeg.eqﬁation$>may also bé integrated along the
¢s€ngam1ina»originatipg at point £ of RBigs: I-1 and I-2 to
A‘yielé the Berﬁbulii-eqﬁa%igg for incompressible flow

. . B .
s NIRRT

b B 1o <80 Y ol
C . : N Y " Lo ¢ gt ;

S oy e PR "y

R IR T RN N L ™ A
\ N N .

o R ,

i

..
ﬁ.&mﬂt
rers
o
§ £ &

Sive i vty o Lo

361 b B
A ’ Po 2. 2 Po o
Al ) — =} = PLE) — T

. POR) + (0 + v7) = 28} + g vy

o

In light of Eq. (I-2) this reduces to.

. - e -3
CE(t) - Rx) = 90<%g; (2-3)

TR LA
o
il i 4 o dton ‘0‘ TN
< ~ AR

R

—From‘the qbnservation of matter principle, for density a _ :
constant, applied to the stream\tubé bounded by théAstreamanes "j .
originating at ¢ and t + dt ¥ (using the coordinates of ‘

Fig. I-1) ' : ' ~ B

- {ady) = v db (1-4)

' Using this result for u and substituting into Eq. (i-3)
'yields -

m Ve(t) - P(x)

This equation may bve 1htegrated to yleld the wall contour
ywail(x) by lntegrating between the limits

-qdy =V Vbo/égg 4t = (1-5} ) ; Q~4¥;g

'''''''

for £ =0, ¥ = ¥,.1,() ;f.
for t=x,y=0 .-_r
T-us, x 'ﬁi

]

N dt B |
=/ - dy [ v, Ve, 28 = RS |
Mo VR(s) - P(x) o [

ywall(x)
Ywall (x) 0 (1-6)

o b,
’

.i.

I
{4
<

Also me =

o,ave Yo

34

POUPR s =




This 1s a Volterra improper integral equation which 'has béen
soived by Helifa for some simple header shapes, ¥ all(\c) (3)..
For the box header shapeqr
and the solution yields

considered here y wall is constant

! 2 -
2 u .| .2
e — AY y . T o,ave| (X
P(x = 0) - P(x) = - Po g - QQ)
5
-5 n x° (I-7)
If the origin for =x is taken at the outlet header sectdion
farthest away from the exit, this result will apply ror thé
outlet box header for both the parallel and ¢ounter 110w con-
figurations Figs. I-1 and I-2.
With the pressure profile known one can determine the
exlt veloeity u, as a function of Vel (Fig. I-1 coordinates).

From the Bernoulli equation (I-3)

| 5 "
| P(t) - P(L) = # 58-2 (1-8)
But
P(t) - P(L) = Z[P(O) - B(L)1 - [2(0) - 2(6)1]
2 2
= g_ h, - §; h, 15)
2 L2
= {1 - (@) ] (1-9)

- from Eq. (I-7). Equating (I-8) and (I-9)

—— I\ —(%)2 (1-10)

+The box header provides the smallest pressure drop for a

gilven exit area.

35
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"'f variables and 1ntegrating

: Solving for (t/L) and substituc ing 1A Eq. (I~1ﬂ) yields the

~ average velocity, The reésult is

desired exit velocity ‘u, as a function of Vg1,

results for the exit box header used for both the single-pass

EE 2 i ," N _’ : )

Introducing .

o from the continuity equation (I—k), separating—

The Fesult. 15
.. Sf\ ) R - ) i i ? ’ i
cxX=h :'__2_ i :1_12_
T—- '[1 = 5in L] o (T-11)

n . o X

o T S ¥ 1oy
—_—r— .= = CO0S = 1. T T Sin (I—12)
> Y,ave 2 2( Vé) ‘2 (2 Yo :

This equation may be used to relate the actual exit k;nétic
enérgy rate to the nominal value calculated from the bulk

i - 3 ) . )
{KE,/0) ¢ ovia1 _ (U3 )ave _ 2 {sin 36 /2
o Yo,ave 30
W2 . .
"—“g— = 1.645 N (1-13)
g ATy ¥
where- 0 = ) A .

Equations (I-T), (I-12), and (I-13) are the important

parallel flow and counter flow configurations. The idealiza-
tions and specifications inrolved are as follows:

. Constant density flow, p = P - :

. The flow through the matrix is uniform, v, = constant,
. Pressure is a function of x only.

Zero fiow stream mechanical energy dissipation.

W oo

-

36




Iniet Header, Parallel rlow ~

For this analysis it is fdealized that pressure and
velocity are essentially funetions of x -only and that the
Then the Bernoulli equation for loss-
is

density 1is constant.
free flow when applied to the streamlire of Fig. I-1

P, - P(x) = (u - u ) (T-2%)
For constant density flow the conservation of matter principle
provides the following relations for a uniform input veloclty,
u, = constant , and uniform flow distribution through the

core, v, = constant .
U2y = Woygqy t VX = Vb
UZyaq3 = v (L - x) (1-15)
U325P3 = Y5 ave Yo Po’

The pressure profile of Eq. (I-1%) is required to match
that of the exit header Eq, (I-7). So

2

- P(X) = Q (L)

(1-16)

Combining Eqs. (I-16), (I-15), and (I-14) to eliminate P

i -

and u provides the desired inlet header shape Zall as a
funection of x .
Py ) (1 - x)2
Po
or
2
2 _ (1 - x)
TP 2 v.ie
) 2y (:9 (1-17)
Port™ “1
] é é ~
where % =z .,/¥, and X = x/L .
37
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ko] - T2

pi YZ1 . - -

P Vol - n

__ substitution of, thé header shape back into the continuity
équatiopr (I-15). will yield the inlet header velocity &s &
function of X e '

N i z. 2.2 ¥
o % A {"i) e (1-18)

' Tnis relation .may be~u§ed{to éstébliéh,the‘kinebic energy
per uniﬁ3mggs of the flow 1egving the inlet header and passing
*  4nto the core.t ' :

i b2

[y
- gy - p

Vm dx (Irlga)

I8

‘The result is

TTTRGRRF T TR T T e o e e Praredea It o PR Py R x e
- . DA ATV ALY e T "
- o~ O ] e o pat 2y 1 v NS ' s s v
G I3 . . - o o o 3 g 9 )y ~ - WL
U AR " o i . Ay Nl PR, - ox .2 o e S0 R 6k & & B smiatas e SN
2 m-ﬂ&- S DA, T A THE S S SR NS A At B L TR R AT i e g S R S R N R I IR U SR A L A NI R B s e o o
i 5 i v v RN B %
. . ’ e R N y £
) o . N N ~ EER AR 7~ 38
@
N ' Y o Y ' W' .
oo B W ' . » “ P -
B g . B
R . ' . ' oy, ¥
s 9 . B3 .\ TN

: 2 12120, - - 2
{l@éﬂ, ='1:+§-’5-‘(_-Z—1-) [P} - 1 + 0.822 -Z-i.) {3’:
Ahy/py T2 Wl 1P ' ol 1P
3 ' (1-19b)
N Note the difference relative to Eq. (I-13) where the kinetic
energy term involves a (u )ave, instead of a (u )ave as
1 above, . o
ﬁg The 1mportant results for the lnlet header in the single
% pass parallel flow configuration are Equations {I-16), {I-17),
"l (1-18), and (I-19b). The idealizations and specifications
F%4 involved are as follows:
53
i 1. Constant density flow, p = p, = constant.
LS 2. Both pressure and velocity are essentially
) functions of x only. :

3. Zero flow stream mechanical energy dissipation.

Y
A

L TNote that v. in Eq. (I-19a) is the matrix veloclty based

P on A at tle inlet face of the matrix, in contrast to the
. v pTctured in Fig. I-1 which is the matrix velocity at the
Mi§ olitlet rface.

T
VI N 8
v 3
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A
o5
-
~ ¥
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I

L. The flow‘throﬁgh‘the matrix is unifcera, vm = ccnscant

5. The enterihg flow is of uniform veloéity, u 1 = constan%

6. The préssure profile matches that of the exit qu -
header.

Inlet Header, Counter Plow

functions of x only and that the density is constant. Then

For this anaTysis, as for the parallel fiow 1nlet header,
it is idealized that pressure and velocity arefes§ent;ally

the Bernoulli equation for loss- free flow applied to the stream-
1ine indicated in Fig. I-2 is the same as (I-il). Also from
the conseérvation -of matter principle the (I-15) set .of equafw
tions apply. However; in order to satisfy a pressure match
with the exit header, Eq. (I-7) requirés a shift in coordinates
because of the counter flow configuration.
profile then becomes

‘The pressure

2 T . ’
P{x) - P, - - ho_[l -1 - x_)?] (1-20)
That is the inlet header now ras to function as a diffuser‘
with a flow deceleration in contrast to the parallel flow
situation:whéré Yhe flow. is accelerated. Combining the
Bernoulli equation (I-1¥) with continuity, Eaq. (I-15), -and
the pressure match condition, Eg. (I-20); so as to eliminate

P and u provides the desired inlet shape 2,511 28 @
function of x . '
. ' oy 2
:7.42 = ~ < (1 = J{) e - (1—21)
I\ P, )[ ]
0
i P 1-91-x

To avoid imaginary values for Z it is necessary that the
denominator of Eq. (I-21) be positive or

2
2> - o]
(Zi -(5-0_‘71_ 1l - (l - X)
39
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=) 2 < -

o> 7

o -
>

: w_;l-:f,l,‘l'tema;;_zzu.zm value of the right hz2nd side 4s (pi/gd)(%g/M)
v/o fOr x ., OO »'?':',. - “ ) .. ) _,_ ‘

o i P 2 ’
e S A .
: R Z .
A -2 R 3
B ) X oo ) - e s .- y‘\ B B
. ¢ Lo ¢ £ F ‘ max
Y

oFollowing Héé&a (3), this value for =z /y will be accepted
as the "economic SiZe as smaller magnitudes would have a
.higher ni :and higher losses of k*netic energy when the flow
enters the matrix. When this optimum (z /y ) magnitude is
introduced into Eq. (I 21) the optimum. header shape becomes-

. ° M
P -
S
=y
Sty
b 4 ~ T
. . v
=g XS u
) - v -
¢ B
ae .
P
3

;JThat is. the,)ptimum inlet shape is al so a box header.
) Substitution of whis header: shape back into the con-
tinuitx equation (I 15) yields ohe‘inlet header velocity as
function>of X

X

f;a;\/ / ' 0637 \/;)0791l

‘ll

=

>~— = constant . - (z=22)

el

i

Following the procedure used in establishing Eq, (I-19b) the
kinetic energy per unit mass leaving the inlet header’and
passing into the core is

- 2
crouiacans B

The important results for the inlét header in the single
pass counter flow configuration dare équations (I-20), (I-22),
(1-23) and (I-24). The idealizations and specifications
involved are the same as for the lnlet header for the parallel
flow configuration and are listed following Eq, {I-19b).

Oblique Flow- Inlet, Free Discha’ge .
A technically interesting variation of the parallel flow

}9; ’ configuration is,pictured in Fig. I-3. If the outlet header

o 1s made very déep, (yousm), the outlet pressure profile becomes

Yo

i1-x | (1-23)

[




uniform. This is also the situation fér the free discharge
configuration shown in Fig. I-3. This headér cénfiguratioﬂ
is' quite commonly found in aif conditioning exchangers where
the free discharge cf the ccﬁditiohed air i1s directed inﬁo
the room. It would also bé the situabtion on the hHot gas 8ide
of a gas. turbine regenerator discharging 8traight up an
exhaust stack. Under these circumstances Eq. (I= 17) for the
inlet header shapé reduces to

That 1s a triangular shape. Thi$ solution is the same as
presented by Loeffler and Perimutter (4).

This result can .also be derived directly from the
Bernoulli equation (I-1%), and conservation of matter equas

tion (I-15) and the pressuré profile matching condition, From-

Eq. (I-i4) and the pressure profile matching cendition,
P(x) = constant

n ﬁwui = constant

Then from the second of Edgs. (I+15)
Zwall - vm'L(I i‘x) _ iy L(1 - Xi
2y W 7y Uy 2y

Introducing w2, = Vv, L from the first of‘Estv(I—15) yields“

(1-25). ;
From Eq. (I-19a), the defiring equation for KE/w ,

{-——7—17‘ KB/ =1 (126

This also comes directly from Eq. (I~19b) for Vo 2@ .7

41
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S i ﬁBPENDIx Ti-
CE FUB R cowmms ON, THE "FEST SYSTEM

/

>,‘

The +est system was described in the text, Tables 1 %0 3
The purposes of this

fel o '5’

, ,‘iﬁﬁeader Constnuctlon V o ' ’ - .

UL mhe heaéers consisted of & box sheet metal shell with

W replaceable wooden wnsertb used to provide the desired gedmetry.

- Thege are pigtured in the photographs Figs. II-Y and II-2:

J“?g ., The narrow. Side-wali pressure taps were dpcated on-one

¢¢9f~the’$wo side =ails gszéhown in Fig. II-2. The pressure
ﬁapsuélcpg the broad wall ¢onsisted of ‘brass tubes: pressed
through holes in tiie wood and the sheet métal. The 1/8-inch

. - outér dilametér tube end was finished flush with the contoured:

,:woodengsuhfacé. A $t24p of thin transparent adhesive tape,

. 3/4-1idch wide, placed Over the tube ends.-and pérforated rom
the ingdde out with & neédle, provided for aerodynamicaliy
clean conditiuns around: ‘the pressure sampling hole.

The use ‘©f HEXCEL. s#jffeners, as: déscribed in. Fig. 8,
@revcnteQ‘buiging and gagging of the seréen matrix so thiat
the flow geometry of the instdlled héaders was in fact close
to the design geometry. That such stiffeners were necessary

can be Seen: from Fig. 18; a 0.1l-inch bulge Of ‘the edge-
supported screen: pack, corresponding to a BZ of .05, could
complétely block the flew to the matrix in the region beyond

= 0.85r; Some of ihe text results reported -earlier, Ref",
(1), were soméwhat invalid because stiffeners were not used
and screen bulging did indeéd ocecur,

calculation:. Mebhods -

As described in the text, the meéasured P(X) in both the
inlet and exit headers were plotted as in Fig. 10, An average
of the side-wal. and broad-wall pressure readings was used to
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5 e

fair in the 1i‘:es. Close agreement between the two sets of
F(X) data taken at different z for y ) locations confirmed
cae of the ey idealizations of thé analysis, namely that.
presgure was a Tunction of X only. ThéSe pressure lines
allowed a direct reading for Afmétrik as a furction of X% .
Therni: the APmatrix was used as being proportional to the
veloéds y througi the macrix Vi Here it 1s implied that

the matpix function fastor is a constant., To ‘the ¢ontrary,

f varies 33“NR to the ~ 0.34 powér, as -can bi/iezg from

the Table 3 entries, so that Vm, varlies as AP rather
than APl/“ . The net effect of this correct on is to increase
the ron=-uniformity factors in ‘Table 4 by 20 percent to 1,2
tulies the values reported: As this change is not considered
to be significant 4n thé present context it was not made.

.Coggarison‘Qg Predicted and Megsured APmatrix

In‘Tabié 3~§-prediction;for‘matrtwaréésure -drop- is.
presented. The ratio of test 'to predicted APmatrjx ‘maghitudes.
is about 1. 9: Jdn the .avérage (runs 50, 5L :and 52 -of Table 4)
This discrepancy niay be due toa combination of the following:

1. The estimated screen porosity of 0.725 tay be in

error, If it is 5 percent too high the predictions
would be brought into agreement with tha test values,

2, The stiffeners updouhtedly contribute a small. per-

centage to the frictional drag and this was not
dllowed for in the calculr sions of Table 3.
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Chg o ®

= Fig. II l -

Inleb headers showing the wogdén
1nserﬁs uged to provide the shapes<

" desived for the single-pass: parallel
and>couauer flow tests. Séé Table 1
,and=Figs, 18.: and 19,

R4

Fﬁg. IT-2

The return flow header for- the
tyo~pasd paraliel flow -con-
figuration. See Table 1,
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